Protein-surface interactions cause the desirable effect of controlled protein adsorption onto biodevices as well as the undesirable effect of protein fouling. The key to controlling protein-surface adsorptions is to identify and quantify the main adsorption mechanisms: adsorptions that occur (1) while depositing a protein solution onto dry surfaces and (2) after the deposition onto wet surfaces. Bulk measurements cannot reveal the dynamic protein adsorption pathways and thus cannot differentiate between the two adsorption mechanisms. We imaged the interactions of single streptavidin molecules with hydrophobic fused-silica surfaces in real-time. We observed both adsorbed proteins on surfaces and diffusing proteins near surfaces and analyzed their adsorption kinetics. Our analysis shows that the protein solution deposition process is the primary mechanism of streptavidin adsorption onto surfaces at the sub-nanomolar to nanomolar protein concentrations. Furthermore, we found that hydrophilic fused-silica surfaces can prevent the adsorption of streptavidin molecules.
INTRODUCTION
Controlled surface adsorption of proteins is important for devices such as protein-based biosensors and protein microarrays, but on the other hand, uncontrolled accumulation of proteins onto surfaces causes undesirable protein fouling (Zydney and Ho, 2003; Gray, 2004; Latour, 2005) . In addition, when protein-surface contact is involved in a physical process, controlling protein-surface adsorption is necessary to ensure minimal perturbation to protein concentration and characteristics in solution. For these reasons, it is necessary to identify and quantify mechanisms responsible for protein adsorption to surfaces.
The first step in most protein-based biological studies and applications involves introducing a protein solution to a device (e.g., a pipette tip, a transfer tube, a glass slide, etc.). It is known that proteins can dissolve in water as well as accumulate at the air-water interface (Mackie et al., 1999; de Jongh et al., 2004; Deng et al., 2006; Yano et al., 2009) . When these proteins encounter a device surface, some adsorb during the protein-solution deposition process while others adsorb after the surface is wet. These adsorptions are the result of electrostatic, van der Waals, and hydration interactions between proteins and surfaces (Squires et al., 2008) . While most studies focused on surface adsorptions of the dissolved proteins after deposition (Vasina et al., 2009) , the effects of the deposition process on protein-surface adsorption are not clear.
In order to precisely identify and quantify mechanisms responsible for protein-surface adsorptions, we investigate the adsorption process of individual proteins by single molecule fluorescence imaging. Prior studies of protein-surface interactions mainly used bulk ensemble measurements, in which the concentrations of all adsorbed proteins were measured and thus adsorptions due to different mechanisms could not be differentiated (Sapsford and Ligler, 2004; Tsapikouni and Missirlis, 2008) . In our study, we used Total Internal Reflection Fluorescence (TIRF) microscopy imaging method to record the interplay of a single molecule, streptavidin-Cy3 and streptavidin-Alexa555, with hydrophobic and hydrophilic fused-silica surfaces in real time. Images of both adsorbed proteins at the surface and free 3D-diffusing proteins near the surface were captured to reveal the adsorption pathways and kinetics for both irreversible and reversible adsorptions.
MATERIALS AND METHODS

Protein Deposition
Figures 1A -1C schematically illustrate the method of depositing a protein solution onto a surface. Five microliters of streptavidin-Cy3 (SA1010, Invitrogen, Carlsbad, CA) or streptavidin-Alexa555 powder (S21381, Invitrogen, Eugene, OR) dissolved in 0.5X TBE buffer (pH = 8) to 0.3 nM concentration were deposited onto a fused-silica surface (6W675-575 20C, Hoya Corporation USA, San Jose, CA) by pipette. Streptavidin is a 52.8-kDa tetrameric protein measuring 4.5 × 4.5 × 5 nm in size (Scouten and Knecny, 1992) . It has an isoelectric point of 6.3 (Sivasankar et al., 1998) and is negatively charged in solutions with a pH 8. Protein concentrations of less than nanomolars were used such that images of individual adsorbed proteins on surface and 3D-diffusing proteins in solution could be resolved without overlapping. The droplet is flattened by a coverslip, whose edges were sealed with nail polish. Because hydrophobic surfaces are known to yield higher protein-surface adsorption affinity than hydrophilic surfaces (Israelachvili, 1992) , the surfaces in Figs. 2, 3, and 4A were treated to be hydrophobic with a ≈ 90 • water contact angle by dipping oxygen-plasma-cleaned fused-silica chips into a 5% dichlorodimethylsilane in chloroform solution for 10 sec. The glass coverslip was cleaned using oxygen plasma and was hydrophilic.
In the schematics, we showed proteins that are adsorbed on the surface, accumulated at the air-water interface, and dissolved in the solution. Using the aforementioned protein-solution deposition method, two interfaces are made: the initial air-water interface during the deposition process (for irreversible adsorptions), and the water-surface interface at the later stage (for reversible adsorption).
Imaging Setup
Single-molecule imaging was performed using a Nikon Eclipse TE2000-S inverted microscope (Nikon, Melville, NY) in combination with a Nikon 100X objective (Nikon, 1.49 N.A., oil immersion). Samples were excited by a prism-type TIRF setup with a linearly polarized 532 nm laser line focused to a 40 µm × 20 µm region (568 nm line was used for streptavidin-Cy3). The laser excitation (I70C-SPECTRUM Argon/Krypton laser, Coherent Inc., Santa Clara, CA) was pulsed with exposure times of submilliseconds and 28 ms, and the durations between images were 4 min for Fig. 2 , 38 min for Fig. 3 , and 30 ms for Fig. 4 . The excitation intensities were 0.3 kW/cm 2 to 8 kW/cm 2 . Images were captured by an iXon back-illuminated electron multiplying charge coupled device (EMCCD) camera (DV897ECS-BV, Andor Technology, Belfast, Northern Ireland). An additional 2X expansion lens was placed before the EMCCD, producing a pixel size of 79 nm. For streptavidin-Alexa555 molecules, the excitation filter was 530 nm/10 nm and the emission filter was 580 nm/60 nm; for streptavidin-Cy3 molecules, the excitation filter was 568 nm/10 nm and the emission filter was 605 nm/50 nm.
Data Analysis
Movies were made by synchronizing the onset of camera exposure with laser illumination. The gain levels of the camera were adjusted such that none of the pixels of a single molecule's point spread function (PSF) reached the saturation level of the camera. For a selected image, the intensity values of 20 × 20 pixels centered at the molecule were recorded. One dimensional intensity profile of the molecule was obtained by averaging the 20 transverse pixel values at each of the 20 horizontal pixels. The profile was then fitted to a 1D Gaussian function using the least squares curve-fitting algorithm (lsqcurvefit) provided by MATLAB (The Mathworks, Natick, MA):
where f 0 is the amplitude, x 0 is the center, b is the mean background value, and s is the standard deviation (SD) of the molecule's intensity profile. Using the SD value of a single molecule intensity profile, we determined whether the molecule was adsorbed on the surface or diffusing in the solution (see Results below).
RESULTS
We observed three types of streptavidin molecules on or near fused-silica surfaces, categorized according to their different surface adsorption characteristics: (1) irreversible adsorption induced by the protein deposition process, (2) reversible adsorption caused by protein interactions with wet surfaces, and (3) nonadsorbing proteins that freely diffuse near the surface. Figure 2 shows a time series of streptavidin-Alexa555 images on or near a hydrophobic fused-silica surface, starting immediately after the deposition with time interval of 4 minutes. The diffraction-limited dots and the larger "blurs" are adsorbed proteins on the surface and diffusing proteins in the solution, respectively. The long interval of 4 minutes between the images was chosen to minimize fluorophore bleaching from long illumination (Wang et al., 2005; Wang et al., 2006) . In order to determine whether a fluorescent image is an adsorbed protein or a freely diffusing protein, we measured the SD of the molecule's fluorescence intensity profile. If the SD value was within the diffraction limit of the apparatus (≈ 120 ± 20 nm), the molecule was an adsorbed protein on the surface DeCenzo et al., 2010) ; if it was larger than 140 nm, the molecule was a diffusing protein.
The small dots whose SD values were below 140 nm that didn't change location in all subsequent four images are denoted by yellow slanted arrows. Because they do not change positions after the deposition, these are identified as irreversibly adsorbed proteins. And since no additional irreversibly adsorbed proteins that were observed after the deposition, these proteins must have been adsorbed during the protein-solution deposition process. The small dots whose SD values were below 140 nm and were observed only in one image are denoted by green vertical arrows. Due to their momentary stay on the surface, these are reversibly bound proteins where the adsorption occurred after the deposition. The blurred dots with SD larger than 140 nm and were only observed in one image are denoted by red horizontal arrows; these are 3D diffusing proteins near the surface.
In order to better illustrate the nature of the three types of proteins on and near the fused-silica surfaces -(1) the irreversibly adsorbed proteins that were bound at the same locations for a long time after the sample deposition, and (2) the reversibly adsorbed proteins and (3) the 3D-diffusing proteins that change locations from one image to another, in Fig. 3 we superpositioned two images taken at different times. The first one was taken immediately after the deposition, and the second image was at 38 minutes after the deposition. The protein dots and "blurs" in the first image were false-colored red, and in the second image, they were false-colored green. When the two images were superposed, the overlapped protein dots were represented by orange, and the proteins that do not overlap retain their original color. By using this method, the orange irreversibly adsorbed proteins can be clearly differentiated from the red and green reversibly adsorbed proteins and diffusing proteins.
Streptavidin adsorption mechanisms are elucidated by analyzing Fig. 3 , in which 32 molecules were irreversibly adsorbed, 2 were reversibly adsorbed, and 30 were 3D-diffusing near the surface. These results indicate that at the molecular concentration of 0.3 nM, the main contribution to streptavidin-surface adsorption is the protein-deposition process, which accounts for ∼ 94% of the total surface-adsorbed proteins.
The protein-surface interactions after the deposition are responsible for only 2/34 ≈ 6% of the total adsorption. Majority of the 3D-diffusing proteins near surfaces do not bind to the surfaces: only ≈ 2/(30/frame×6 frames=180) ≈ 1% proteins that encountered the surface reversibly bound to it. We also measured various increasing streptavidin concentrations up to 5 nM (at which concentration individual protein images began to overlap, rendering adsorption studies difficult), and observed similar results as in Figs. 2 and 3 . These results indicate that the deposition process is the dominant mechanism for streptavidin adsorption to hydrophobic fused-silica surfaces for up to nM concentrations.
In order to obtain the reversible adsorption kinetics, we used a faster frame imaging rate of 33 Hz and exposure time of 28 ms. Figure 4A shows montage of a molecule diffusing towards, binding to, and dissociating from a surface. Going from top to bottom of the montage, the large blurs in images 2 and 8 are the incoming molecule moving towards the surface, and the outgoing molecule leaving the surface, respectively. The dissociation time of this molecule is ≈ 140 ms (5 frames). About 200 reversibly bound streptavidin molecules were studied and the mean reversible binding time of streptavidin to dichlorodimethylsilane hydrophobic surfaces was ≈ 200 ms.
To verify that the blurred dots in Figs. 2, 3, and 4 with SD larger than 140 nm are 3D-diffusing molecules, we studied how the SDs of these molecules change with exposure time. If they are 3D-diffusing molecules, SD should increase with exposure time since SD is a reflection of how far a molecule diffuses during exposure. The penetration depth of our TIRF evanescent light is ≈ 150 nm, so for this study we chose short exposure times such that proteins would not diffuse beyond twice of the penetration depth to ensure complete capture of the 3D-diffusing processes. With the Brownian dynamics calculation of x 2 = 2D 3 t, where x 2 is the mean square displacement of 3D-diffusing molecules in one direction, and D 3 ≈ 5 ×10 7 nm 2 /s is the 3D-diffusion coefficient for streptavidin with ≈ 5 nm diameter, we determined the appropriate exposure time t in the sub-millisecond range so that x 2 is less than 300 nm. Figures 5A , 5B, and 5C show representative 3D-diffusing streptavidin-Cy3 molecules' intensity profiles near a hydrophilic fused-silica surface with increase exposure times of 0.3, 0.7, and 1 ms, respectively. It is readily seen that the width of the molecules' intensity profiles increases with exposure time. Figure 5D shows the SD distributions for the three exposure times: the mean SD values are larger than 140 nm and increasing with exposure time. This confirms that the observed molecules with SD larger than 140 nm are indeed 3D-diffusing streptavidin-Cy3 molecules near the surface.
So far we showed that for a "sticky" hydrophobic surface, the dominating mechanism responsible for streptavidin fused-silica surface adsorption at sub-nanomolar and nanomolar concentrations is the deposition process. For hydrophilic surfaces that are believed to be less "sticky" to the same proteins, how does the protein-surface adsorption change? Fused-silica chips were made hydrophilic by performing oxygen plasma cleaning for 2 minutes. We found complete elimination of irreversible and reversible streptavidin-surface adsorptions for several hours of observation time. Figure 4B shows that there were only 3D-diffusion proteins near the hydrophilic surface and no adsorbed proteins. This result indicates that the surface treatment by oxygen plasma cleaning can prevent streptavidin fouling on fused-silica surfaces.
DISCUSSION
Deposition-process-associated irreversible adsorptions
What is the possible mechanism that causes the irreversible protein adsorption during deposition? Assuming that the surface is chemically stable from the moment water touches the surface, during the deposition, a dissolved protein should have the same binding affinity to the surface as after the deposition. However, during the deposition process, air is an additional component in the protein-surface interface and this may result in a different protein-surface binding affinity and consequently, irreversible adsorption for proteins at the air-water interface.
To test this hypothesis, we transferred protein solutions to a wet surface and imaged in real time. Since there was no air-water interface in this setup, only dissolved protein in the solution can be imaged, therefore no irreversibly adsorbed proteins should be observed. We indeed observed only reversibly adsorbed proteins on surfaces and diffusing proteins in solution. No irreversibly adsorbed proteins were seen. The result indicates that the proteins at the air-water-interface are the irreversibly adsorbed proteins, and this adsorption occurred only during the deposition process.
We further investigated the ratio of protein concentrations at air-water interface and in bulk by imaging air-water-interface proteins in a droplet on glass, using the method described by Deng et al., 2006 . We found the concentrations were comparable. This observation is consistent with our results in Fig. 3 that half of the proteins imaged in one snapshot were irreversibly adsorbed on the surface, and thus supports the notion that the air-water interface proteins are the irreversibly adsorbed ones during the deposition process.
Reversible adsorptions
The reversible adsorptions that occurred after the deposition are due to genuine interaction of dissolved streptavidin with surface chemical groups. These interactions include hydrophobic, ionic, and van der Waals interactions (Sequires et al., 2008; Heinz et al., 2009) . Streptavidin is negatively charged and hydrophilic in a buffer at pH 8 (van Oss et al., 2003) . The fused-silica surface groups can be dimethylsilane or silanol, depending on whether the surface is hydrophobic or hydrophilic. Our observation of reversibly adsorbed proteins on hydrophobic surfaces but not on hydrophilic ones indicates that the net binding affinity between streptavidin and the surface groups is strong enough for binding to occur for the hydrophobic surfaces, but not for the hydrophilic surfaces.
Other hydrophobic surfaces and proteins
To determine the role hydrophobicity plays in streptavidin-surface adsorptions, we investigated streptavidin interaction with three differently treated hydrophobic surfaces: RainX (SOPUS Products, Houston, TX), lab detergent (Versa-Clean, 04-342, Fisher Scientific, Pittsburgh, PA), and 0.1 wt% solution of dodecyltrichlorosilane in hexane. The contact angles for these surfaces were ≈ 90 • . The adsorption results were the same as for the dichlorodimethysilane treated surfaces: we observed both irreversible and reversible adsorptions, with the irreversible adsorptions outnumbering the reversible adsorptions. We also changed the degree of hydrophobicity by tuning the ratio of dichlorodimethylsilane to chloroform, and hence the contact angles from approximately 30 • to 90 • . With decreasing hydrophobicity, we observed less irreversible and reversible adsorptions . These observations indicate that hydrophobicity of a fused-silica surface can effectively dictate adsorption of streptavidin (or proteins). Further supports come from our studies of fusedsilica surface adsorptions of green fluorescent proteins and Lactose repressor proteins; similar results to streptavidin were obtained.
Competition for surface binding between protein and water molecules
In addition to proteins, water molecules also have binding affinity to surfaces, and they compete with streptavidin for surface binding. This competition may also contribute to the observed streptavidin adsorptions.
In Figs. 1D and 1E we sketch possible competitions between a protein molecule and water molecules for binding to hydrophobic and hydrophilic surfaces, respectively. Since streptavidin is hydrophilic at pH 8, when both streptavidin and water approach a hydrophobic surface, water tends to avoid the surface more than streptavidin, leading to an effectively increased protein exposure to the surface and consequently increased adsorption (Fig. 1D) . For the hydrophilic surface, water molecules are more tightly bound to the surface, leading to an effectively decreased streptavidin adsorption (Fig. 1E) .
Deposition variations
Variations to procedures in transferring proteins to devices include changing the fluid flow speed. We varied the pipetting speed when depositing proteins onto dry hydrophobic and hydrophilic surfaces, varying the fluid flow speed by at least 10-fold. No difference in irreversible and reversible adsorption characteristics was observed.
CONCLUSION
In summary, single-molecule real-time imaging of protein-surface interactions provides an invaluable tool for elucidating adsorption mechanisms and obtaining adsorption kinetics. We have shown that irreversible and reversible adsorptions are highly process dependent at the sub-nanomolar to nanomolar concentrations. Our results indicate that in addition to regulating post-deposition protein-surface interactions, the deposition process must be taken into consideration in the design and interpretation of protein-surface adsorption studies. The observation that the surface adsorption of streptavidin can be eliminated or reduced with hydrophilic surface treatment may have important implications for prevention of protein fouling in biomedical devices. 
